Background: Neuregulin-1 (Nrg1) is a pleiotropic signaling molecule that regulates neural development, and mutation of Nrg1 is a risk factor for schizophrenia. Cleavage of type I β1 Nrg1 isoform by Bace1 releases a secreted N-terminal fragment (Nrg1-ntf β ), which can bind to a cognate ErbB receptor to activate the specific signaling cascade. This study aimed to determine whether increased expression of Nrg1 is beneficial for brain development and functions.
M
ouse genetic studies have shown that Neuregulin-1 (Nrg1), a pleiotropic signaling molecule, controls developmental myelination (1) and cardiac development (2) . Human genetic studies have also identified the NRG1 gene as a risk factor for schizophrenia (3) . Thus the mechanism(s) by which Nrg1 exerts its functional roles in development and disease pathogenesis has attracted great attention. The Nrg1 gene encodes 33 spliced isoforms in six topology types due to alternative splicing (4, 5) . Types I and II transmembrane Nrg1 have N-terminal Ig-and epidermal growth factor (EGF)-like domains, whereas type III Nrg1 has the same transmembrane domain and another hydrophobic Cys-rich domain. All Nrg1 isoforms share an EGF-like domain, which is indispensable for initiating Nrg1 signaling via binding to its cognate ErbB receptors (6) .
To exert signaling function, transmembrane Nrg1 undergoes proteolytic cleavage to allow binding of the N-terminal domain to an ErbB receptor. Enzymatic mapping shows that this cleavage of Nrg1 is mediated by Bace1 (between Glu-Phe and Met-Glu) or ADAM10/ADAM17 (multiple adjacent sites) at the juxtamembrane region (7) (8) (9) . After this ectodomain shedding, type I Nrg1 releases its N-terminal fragment (Nrg1-ntf) to the extracellular space, where it binds to ErbB receptors on nearby cells in a paracrine fashion, whereas type III Nrg1-ntf-which remains tethered on the lipid bilayer by the hydrophobic Cys-rich domain-signals to adjacent cells in a juxtacrine fashion. The distinct modes of signaling via isoformspecific Nrg1-ntfs seem to target specific in vivo functions (10) .
In Bace1-null mice, full-length Nrg1 is increased, because cleavage of Nrg1 by Bace1 is abolished. Due to a reduction in the availability of Nrg1 signaling fragments, Bace1-null mice exhibit hypomyelination during early development (11, 12) and delayed remyelination in adulthood (7) , consistent with an important role of Nrg1 in the control of myelination (1) . Haploinsufficient Nrg1 in mice also causes schizophrenia-like behaviors (3) . Indeed, Bace1-null mice exhibit schizophrenia-like phenotypes (13) , further suggesting Nrg1 hypo-function upon Bace1 deletion.
Our previous biochemical studies show that expression of type I Nrg1-ntf β in ErbB-expressing MCF-7 cells activates the Nrg1-ErbB pathway by enhancing phosphorylation of the downstream signaling molecules Akt and Erk (8) . In this study, we used mouse models to investigate whether an increase in the expression of Bace1-cleaved Nrg1-ntf (termed as Nrg1-ntf β ) would have beneficial effects on brain development and functions. For this purpose, we generated transgenic mice overexpressing Nrg1-ntf β under the control of tetracycline (Tet) responsive element (Tet-Off promoter). We found that increased expression of the Nrg1-ntf β transgene in mouse forebrain is sufficient to increase expression of myelin proteins, consistent with activation of the Nrg1-ErbB pathway. Unexpectedly, these mice also developed schizophrenia-like behaviors, which were reversed if transgene expression was turned off. Hence, our results suggest that Nrg1 levels should be finely balanced and that sustained high levels of soluble Nrg1 can cause schizophrenia-like behaviors.
Methods and Materials

Generation of Human N1β Transgenic Mice
The BACE1-cleaved N-terminal fragment of human NRG1 β1a (N1β) was subcloned into the BamHI and NotI sites of pTRE2hyg vector (Clontech Laboratories, Mountain View, California). A linearized NheI fragment containing the transgene was used for transgenic mouse production. Five TRE-N1β founders in the C57BL/6-CBA(J) background were identified by polymerase chain reaction with primers (forward CATCGTGGAATCAAACGAGA; reverse TTTGCCCCCTCCATATAACA) and further confirmed by Southern blotting. The Tg-N1β mice were backcrossed with C57BL/6J mice for six generations before crossing with CaMK2α-tTA mice (Jackson Laboratories, Bar Harbor, Maine; stock number 007004). Mice were housed in designated animal rooms at 231C on a 12-hour light/dark cycle with food and water available ad libitum. For doxycycline (Dox) (Sigma-Aldrich, St. Louis, Missouri) treatment, the drug was added to drinking water at .5 mg/mL, supplemented with 2% sucrose. All experimental protocols were approved by the Institutional Animal Care and Use Committee of the Lerner Research Institute in compliance with the guidelines established by the Public Health Service Guide for the Care and Use of Laboratory Animals.
Western Blotting and Antibodies
Mouse tissues were freshly dissected, and proteins were extracted with modified radio immunoprecipitation assay buffer (50 mmol/L Tris-hydrochloride, pH 7.4, 1% NP-40, .25% sodiumdeoxycholate, 150 mmol/L sodium chloride, 1 mmol/L ethylenediamine tetraacetate, 1 mmol/L sodium vanadate, protease inhibitors). At least two mice from each group were used for western blot analysis. Equal amounts of protein (40 mg) were resolved on a NuPAGE Bis-Tris gel (Invitrogen, Carlsbad, California) and transferred onto a nitrocellulose membrane (Invitrogen). After protein transfer, blots were incubated with the specified antibodies: Nrg1 (H210), SNAP25, Complexin, and VAMP (Santa Cruz Biotechnology, Santa Cruz, California); p-ErbB4 (sc-33040, Santa Cruz), Akt and p-Akt (S473) (Cell Signaling Technology, Danvers, Massachusetts); myelin basic protein (MBP) (Sternberger Monoclonal, Lutherville, Maryland); Actin (Sigma-Aldrich); ErbB4, NR1, NR2A/ B, γ-aminobutyric acid receptor (GABAR)α1, and Parvalbumin (EMD Millipore, Billerica, Massachusetts); and Synaptophysin and GAP43 (Sigma-Aldrich). The antibody to proteolipid protein (PLP) was previously obtained as a gift from Dr. Pfeiffer at the University of Connecticut.
Behavioral Testing
All testing except for prepulse inhibition (PPI) was performed at 231-241C in an isolated behavior room of the Rodent Behavioral Core at the Lerner Research Institute, Cleveland Clinic. Mice were taken to the testing room 1 hour before testing began to acclimate to the environment. All behavioral tasks were videotracked and analyzed by the Ethovision XT software system (Noldus Information Technology, Leesburg, Virginia).
Y-Maze Test. The Y maze is composed of black plastic with three identical arms positioned 120 degrees apart. Mice were placed in the center of the maze and allowed to explore for 5 min, during which time a video camera was used to record the activity of the animal in the maze. The number of spontaneous alternations was used to assess spatial working memory. Mice were used for the Y-maze test first, and then half of the mice were used for the social behavioral test, and the other half were used for the contextual fear conditioning test.
Social Behavior Test. The sociability apparatus is a rectangular, three-chamber box (Stoelting, Wood Dale, Illinois). Each chamber measures 20 cm (length) Â 40.5 cm (width) Â 22 cm (height). Dividing walls are made from clear Plexiglas, with small openings (10-cm width Â 5-cm height) that allow free access into each chamber. Photo beams are embedded across each doorway. An automated photo beam detector registers time spent in each chamber and the number of transitions. After mice were habituated in the center chamber for 5 min, their social interactions were assessed by evaluating the amount of time (during a 10-min period) the animal spent investigating an unfamiliar "stranger" mouse inside a wire cage located in one of the side chambers as compared with the time spent investigating an identical but empty wire cage contained in the other side chamber. In the second phase of testing, a second unfamiliar mouse was introduced into the previously empty chamber. The preference for social novelty was then tested for 10 min by measuring the amount of time the test mouse spent investigating the new, unfamiliar "stranger" mouse (also restricted in a wire cage) as compared with the time spent with the now-familiar mouse.
Open Field Test. The open field arena (41 cm Â 41 cm) was equipped with a 16 Â 16 grid of photo beam sensors 2.54 cm apart (San Diego Instruments, San Diego, California). An additional 16 photo beam sensors were used to measure rearing behaviors. In each trial, mice were placed into the center of the arena and allowed to explore freely. Beam breaks were recorded at 1-min intervals throughout the trial and converted to directionally specific movements. After 20-min initial habituation in the arena, mice received injection with MK-801 (.3 mg/kg in phosphatebuffered saline, IP; Sigma-Aldrich), and their locomotion was recorded for 90 min. Locomotor activity was measured as total distance travelled.
Contextual Fear Conditioning Test. This test consisted of three daily trials. On the first day, the conditioning period, the mouse was placed in the conditioning chamber (Med Associates, St. Albans, Vermont) for 3 min (phase A) before the onset of a sound at 2800 Hz and 85 dB for 30 sec (phase B, conditioning stimulus). The last 2 sec of the conditioning stimulus was coupled with a .7-mA continuous foot shock (phase C, unconditioned stimulus). After resting an additional 30 sec in the chamber, phases B and C were repeated once, and the mouse was returned to its home cage after resting in the chamber for another 30 sec. On the second day, mice were tested for their contextual memory in the same chamber for 3 min without either sound or foot shock. On the third day, mice were tested for their cue-induced memory in a different chamber environment with the sound but no foot shock. Fear learning ability of the mice was measured as the percentage of freezing, which was defined as the percentage of time completely lacking movement, except for respiration, in intervals of 5 sec.
Statistical Analysis
Statistical analysis was performed with Sigmastat 3.5 (Systat Software, Chicago, Illinois). All data are expressed as mean Ϯ SEM. Social behavior tests were analyzed by two-way analysis of variance with Tukey's post hoc tests. Data from other experiments with 3 or more groups were analyzed by one-way analysis of variance with Tukey's post hoc tests. Two-tailed Student t tests were used to analyze data from experiments with two groups. Significant p values are denoted by the use of asterisks in the text and figures.
Results
Generation of Transgenic Mice Expressing Nrg1-ntf β Transgene
We have previously mapped Bace1 cleavage of Nrg1 to the site between amino acids F237 and M238, which is located 10 amino acids upstream of the transmembrane domain of the Nrg1 β1 isoform (7). This has been confirmed in separate studies (9, 14) . To generate transgenic mice overexpressing Bace1-cleaved Nrg1 β1 isoform (Nrg1-ntf β ), we subcloned the corresponding fragment into a vector under the control of an inducible tetracycline responsive element ( Figure 1A ). The assembled construct was then linearized by enzymatic digestions, and the gel-purified plasmid DNA was injected into mouse pronuclei (B6C3F1 strain). After screening 26 pups, we recovered 5 positive founder mice, which were verified by both polymerase chain reaction genotyping (examples in Figure 1B ) and Southern blotting (data not shown). Most of the 5 founder lines of transgenic mice had similar levels of the transgene integrated into the mouse genome (data not shown). Therefore, two lines of mice were chosen to further breed with transgenic mice expressing tetracycline-controlled trans-activator protein (tTA) driven by CaMK2α promoter (TgCaMK2α-tTA) to verify Nrg1-ntf β protein levels. After biochemical characterizations, one line was eventually chosen for most of the studies as described in the following.
The CaMK2α promoter was previously shown to drive transgene expression in forebrain (15) . Therefore, cortical and hippocampal lysates from Tg-Nrg1-ntf β /CaMK2α-tTA transgenic mice (expressing transgene and abbreviated as Tg-N1β/T hereafter in the text and figures) and Tg-Nrg1-ntf β transgenic mice (expressing no transgene due to the lack of transactivator protein and abbreviated as Tg-N1β) of different ages were prepared for western blot assays. Representative assays are shown in Figure 1C , in which we validated that Nrg1-ntf β levels-detected by an antibody specific to the N-terminus of Nrg1-were clearly elevated in 2-month-old N1β/T transgenic mice. This elevation was reversed if N1β/T mice were pre-treated with Dox for 1 month. The elevation of transgene expression in the cortex and hippocampus seemed to be similar ( Figure 1D ). Overall, N1β/T transgenic mice are viable and fertile with no easily discernible phenotype in the two founder lines that were examined.
Increased Expression of Nrg1-ntf β Transgene in Mouse Brains Activates the Nrg1-ErbB Pathway
To determine whether expression of Nrg1-ntf β activates the Nrg1-ErbB signaling pathway similarly to full-length Nrg1, we first examined the phosphorylation levels of ErbB4 and found a significant elevation of phosphorylated ErbB4 (normalized to total protein) in N1β/T transgenic mice (expressing the Nrg1-ntf β transgene) at Postnatal Day 10 and 30 compared with N1β transgenic littermate control subjects with no transgene expression (Figure 2A,B) . Phosphorylation of Akt and Erk, two known downstream signaling molecules in the Nrg1-ErbB pathway, was similarly examined. As shown, phosphorylated Akt and Erk were significantly increased (Figure 2 ). Because enhanced expression of Nrg1 in mice results in increased expression of myelin genes (16), we also examined the protein levels of MBP and PLP. Both MBP and PLP were increased in N1β/T transgenic mice (Figure 2A,B) , with the increase in PLP being more pronounced during early development. Prior studies have shown that increased Akt activity is sufficient to enhance expression of myelin proteins (17, 18) . Hence, our results demonstrate an activation of the Nrg1-ErbB pathway by the secreted Nrg1-ntf β transgene expression in mice.
Increased Expression of Nrg1-ntf β Transgene in Mouse Brains Results in Schizophrenia-Like Behaviors
Because genetic mutations of the Nrg1 gene or disease-associated single polymorphisms are closely associated with schizophrenia (3, 19, 20) , we examined whether increased expression of type I Nrg1-ntf β in mice affects their behaviors. To address this question, we conducted a battery of behavioral tests that are commonly used to assess schizophrenia-like behaviors in rodents (21) .
Schizophrenia patients exhibit significant and widespread cognitive deficits (22) . We therefore conducted a Y-maze test with both Tg-N1β/T and Tg-N1β mice, because this behavioral paradigm measures spatial working memory. The Tg-N1β/T mice showed a significant reduction in spontaneous alternations compared with control Tg-N1β mice (n ¼ 24 animals in each group) (Figure 3 ). When these mice were treated with Dox for 1 month to switch off the expression of Nrg1-ntf β , the percentage of spontaneous alternations between the two genotypes of mice was similar (Figure 3 ) (ϩDox groups, n ¼ 24 animals in each group), indicating that this impaired spatial working memory was dependent on the expression of the transgene and was reversible.
Another commonly used cognitive test in rodents is the contextual fear conditioning task (15, 23) , and animals from models of schizophrenia exhibit impairments in this task (24) . During this test, the associative learning of a cue (sound) or a context (environment) with a brief aversive stimulus (electric shock) was measured by analyzing the freezing response of mice. Mice with or without Dox treatment for 1 month were subjected to the test when they reached the age of 3 months. On Day 1, mice were placed in the fear conditioning chamber and exposed to a sound followed by a foot shock. During the first-day conditioning test, both Tg-N1β/T and Tg-N1β mice had similar levels of freezing ( Figure 4A,B) . Context-dependent freezing was recorded on Day 2 by placing mice back in the same chamber but without exposure to the sound or shock. Only the Tg-N1β/T mice exhibited a lower freezing time ( Figure 4A ,C), indicating that Nrg1-ntf β transgene overexpression impaired contextual fear learning. This impairment was not observed in Tg-N1β/T mice that were pre-treated with Dox for 1 month, again suggesting that this is a phenotype dependent on transgene overexpression. On test Day 3, which mainly assesses amygdala function (25) , the freezing time of mice in response to the tone (sound) in a context-altered chamber was indistinguishable among all groups of mice ( Figure 4D ), suggesting hippocampal dysfunction as the underlying cause of the contextual fear learning deficits of Tg-N1β/T mice.
We also conducted a social behavioral test, because most schizophrenia models exhibit impaired social interactions (26) . In the first test, we measured the sociability of mice by using an encounter with a novel mouse in the testing chamber; a mouse will normally actively engage with a novel mouse. The Tg-N1β/T mice spent significantly less time investigating the novel juvenile mouse (Stranger 1) compared with Tg-N1β mice; moreover, Tg-N1β/T mice spent a similar amount of time investigating the novel mouse as the empty cage. These results suggest impaired sociability of Tg-N1β/T mice ( Figure 5A ). In further testing, the test mouse was exposed to the previously encountered Stranger 1 and a new novel mouse (Stranger 2) in the same chamber on a subsequent day. This paradigm tests the preference for social novelty (i.e., social memory) of the test mouse; previous studies have established that a mouse naturally tends to spend more time interacting with Stranger 2 than with Stranger 1 (27) . The Tg-N1β/T mice failed to distinguish between Stranger 1 and Stranger 2 and spent an essentially equal amount of time with each ( Figure 5B ), indicating social memory deficits in these mice. These social impairments were clearly reversible in animals treated with Dox for 1 month to switch off the expression of Nrg1-ntf β , because the social behaviors of Tg-N1β/TϩDox mice were similar to control mice in both tests ( Figure 5A,B) .
Mice are also often subjected to an open field task to examine their exploratory activity in schizophrenia models (28, 29) . Our paradigm was designed to investigate the effects of acute administration of MK-801 (.3 mg/kg), a noncompetitive N-methyl-D-aspartate receptor (NMDAR) antagonist that induces the release of glutamate and ascorbic acid, on freely moving mice. We showed that both Tg-N1β/T and control Tg-N1β mice showed similar basal open field behaviors, because they traveled similar distances without acute administration of MK-801 ( Figure 6A ). Although MK-801 treatment resulted in hyperactivity in all groups of mice, Tg-N1β/T mice seemed to be supersensitive to the drug, as indicated by travelling almost double the distance in the open field compared with the Tg-N1β control group ( Figure 6A ). During the 90-min recording period, supersensitivity of Tg-N1β/T mice to MK-801 became evident 45 min after administration of the drug ( Figure 6B ). Again, this supersensitivity to MK-801 was reversed if expression of Nrg1-ntf β transgene in N1β/T transgenic mice was turned off by Dox treatment for 1 month (Figure 6B ), indicating a transgene-dependent and reversible effect.
Collectively, this battery of behavioral tests shows that Tg-N1β/ T mice display schizophrenia-like phenotypes in response to overexpressed Nrg1-ntf β and that this behavioral phenotype was reversible by turning off the transgene.
Increased Expression of Nrg1-ntf β Transgene in Mouse Brains Reduces Levels of Glutamate Receptor Proteins
To explore the molecular mechanism underlying the impairment of cognition and social behavior in Tg-N1β/T mice, we used hippocampal protein lysates to examine a panel of proteins important for synapse formation or synaptic plasticity. From the selected list of proteins, NMDAR proteins NR1 and NR2A/2B were significantly reduced ( Figure 7) . The NMDARs, composed of two NR1 and two NR2 subunits (NR2A or NR2B), are essential for learning and memory (30) . Proteins important for synapse formation such as synaptophysin, SNAP25, complexin, and VAMP were not significantly altered (Figure 7) . Changes in parvalbumin, GAP43, and GABAR proteins were also not significant (Figure 7) . Hence, we observed a reduction in NMDARs that might contribute to the observed behavioral abnormalities of Tg-N1β/T mice, because hypofunction of NMDARs is linked to impairments in cognition and sociability in schizophrenia (31) (32) (33) (34) . 
Discussion
The Nrg1 is an indispensable signaling molecule for the control of neural development and neuronal functions (35) (36) (37) . The Nrg1 initiates its signaling activity by binding to its cognate tyrosine kinase receptor, consisting of an ErbB2/ErbB3 heterodimer or an ErbB4 homodimer, which induces a cascade of signaling events including phosphorylation of the downstream molecules Akt and Erk. Membrane-bound pro-Nrg1 protein seems to be inactive, because the EGF-like domain within the N-terminal region is not readily accessible to the ErbB receptor. For effective binding to its receptor, membrane-anchored Nrg1 undergoes proteolytic cleavage to release either soluble Type I N-terminal fragment or membrane-tethered Type III N-terminal fragment, both of which have a high affinity for the ErbB receptor. Clinically, recombinant soluble Nrg1 β1 isoform has been subcutaneously administered to patients to treat Chronic Systolic Heart Failure (38) and has also been considered for therapeutic application in schizophrenia patients.
In this report, we demonstrate that constitutive overexpression of soluble Nrg1 (Nrg1-ntf β ) in mouse forebrain results in cognitive deficits. The difference between the aforementioned recombinant soluble type I Nrg1 β1 isoform and this Nrg1-ntf β is that Nrg1-ntf β lacks the extra 10 amino acids (MEAEELYQKR) located between the Bace1 cleavage site and the transmembrane domain of Nrg1; this Nrg1-ntf β should be normally secreted in vivo. We showed that Tg-N1β/T mice exhibited impairments in both cognition and social behavior and that these impairments were dependent on the expression of Nrg1-ntf β transgene, as demonstrated in several behavioral tests including the Y-maze, contextual fear conditioning, an open field arena, and social recognition. We have also conducted PPI tests with these mice. Although we did not observe significant differences between Tg-N1β/T transgenic mice and control Tg-N1β mice, the Tg-N1β/T group showed a trend toward impairment, indicated by a decreased percentage of PPI at all three prepulse intensities tested (at 73 dB, N1β/T: 15. (26) .
How the elevated expression of soluble Nrg1-ntf β leads to schizophrenia-like behaviors in animals is an intriguing question. Haplo-insufficiency of Nrg1 or ErbB4 has been suggested to cause schizophrenia (4, 39, 40) . Consistent with this notion, reduced activity of the Akt/GSK3β pathway has also been linked to schizophrenia (41) . Therefore, schizophrenia-associated Nrg1 mutations are logically considered as loss of function (3) . In this study, we observed increased Akt phosphorylation in transgeneexpressing mice during early development (Figure 2 ). Because Erk, another signaling molecule of the Nrg1/ErbB pathway, is also increased during early development, it is likely that overexpressed Nrg1-ntf β induces activation of the Nrg1-ErbB pathway in early versus an empty cage in the testing chamber. The Tg-N1β/T mice spent same amount of time investigating Stranger 1 and the empty cage, whereas the Tg-N1β control group spent significantly more time with Stranger 1 than with the empty cage. After the test, the same groups of mice were treated with Dox for 1 month before being re-tested in the same paradigm and showed similar sociability as the control group. (B) The test of preference for social novelty was conducted by placing the test mouse in a cage with the previously encountered mouse (Stranger 1) and a novel mouse (Stranger 2) in the same testing chamber. The time spent exploring Stranger 1 and Stranger 2 was recorded, and Tg-N1β/T mice spent an equal amount of time with both strangers, whereas the Tg-N1β control group preferentially interacted with Stranger 2. The Dox-treated groups showed similar preferences as the control group (n ¼ 12 mice in each group, **p Ͻ .01, ***p Ͻ .001; two-way ANOVA with Tukey's post hoc test). Abbreviations as in Figure 1 . Before injection with MK-801, a noncompetitive antagonist of the Nmethyl-D-aspartate receptor, all four groups of mice (with or without Dox treatment for 1 month) showed no significant differences in exploratory activity in the open field. After the injection, all groups of mice became hyperactive compared with the time before the injection. The Tg-N1β/T mice showed significantly higher levels of exploratory activity compared with the control groups. (B) Detailed time series plots show that hyperactivity was significant beginning at 45 min after the injection and reached a peak at 75 min after the injection. Statistics were analyzed by one-way ANOVA followed by Tukey's post hoc test (n ¼ 10/group; *p Ͻ .05, **p Ͻ .01, ***p Ͻ .001). Abbreviations as in Figure 1. developing mouse brains. Our results also indicate that high Nrg1-ErbB signaling activity can disrupt neural circuitry and lead to schizophrenia-like behaviors in animals. Consistent with this observation, transgenic mice with constitutive overexpression of type I full-length Nrg1 also exhibit schizophrenia-like behaviors (42) . More recently, an inducible mouse model with overexpression of full-length type I Nrg1 was also shown to develop schizophrenia-like behaviors, and this study also showed reversible effects of the expressed transgene (43) . The difference between our study and the aforementioned studies is that we expressed only the secreted form of Nrg1. We demonstrate that increased expression of the soluble EGF domain-containing N-terminal fragment is sufficient to cause schizophrenia-like behaviors in mice. Because Nrg1 has a relatively large C-terminal fragment (355 amino acids) and this C-terminal fragment is suggested to have a back signaling activity (44), our study could not exclude the contributory effect of this region on schizophrenia-like behaviors by an additional mechanism (43) .
Neuregulin-1 stimulation suppresses NMDAR activation in the human prefrontal cortex, as previously reported in the rodent cortex (3, 45, 46) . The Nrg1-induced suppression of NMDAR activation was more pronounced in schizophrenia subjects than in control subjects, consistent with enhanced Nrg1-ErbB4 signaling seen in this disorder (47) . In our biochemical assays, we detected a significant reduction in NMDR proteins in adult animals, and this reduction is likely related to the altered Nrg1-ErbB signaling, although the detailed mechanism remains to be established. Although Nrg1 is known to alter GABAergic circuitry (48-51), we did not observe any significant changes in GARARα1 levels in our transgenic mouse model (Figure 7 ). This might be related to the lack of the transmembrane and C-terminal domains of Nrg1 in our mouse model. Yin et al. (43) showed, consistent with this hypothesis, a reduction in GARARα1 mRNA and protein levels in mice overexpressing full-length Nrg1.
In summary, we demonstrate here that increased expression of soluble Nrg1 in mouse forebrains beginning at the neonatal stage reduces NMDA function and leads to schizophrenia-like behaviors in animals. Our data suggest that gain-of-function mutations in Nrg1 are also potential risk factors for schizophrenia. A finely balanced level of Nrg1 is clearly required for normal cognitive and social behaviors, and overexpressed Nrg1-ntf β in mice clearly disrupts this balance.
